ABSTRACT The Internet of Things comprises the network of billions of devices. The need for wireless systems is leading to bandwidth becoming an extremely limited resource. For this reason, the spectral efficiency of radio systems is playing an increasingly important role. While active radios already use pulse shaping techniques to improve the efficiency, passive systems still make a little use of them. The reason for this is that the energy available for shaping is very low and would, therefore, massively influence the range. This paper presents a concept that enables pulse shaping especially for passive "ultra-high-frequency radio frequency identification" transponders without significantly reducing the range at the same time. For this purpose, all approaches were designed to meet the requirements for chip integration. A 41-stage discrete Gaussian pulse was used which can be generated by a field-effect transistor. The transistor is controlled by a simple voltage divider which is operated by the digital part of the transponder. The total power consumption of the concept with simultaneously acceptable space requirement is estimated with 200 nW. The results of both the simulation and the measurements show that even a small number of steps improve the spectral efficiency. In adjacent channels, less energy is radiated compared with a rectangular pulse. According to the measurements, the adjacent channel power ratio in the directly adjacent channel for the discrete Gaussian is 7.5 dBc lower than for the rectangular shape. This effect is more pronounced with an increasing distance and is already 32 dBc for the fourth adjacent channel.
I. INTRODUCTION
The 'Internet of Things' -or short IoT -will have a massive impact on our future. This vision is shared by almost all experts. When trying to describe IoT, however, the minds diverge. There are many different approaches, most of which are strongly influenced by one's own research area. But still, all attempts to explain are united by the fact that it is based on a network of billions of devices. ''50 billion devices in 2020'' -this prediction was made by several experts in 2010 [1] , [2] . In the meantime, this number has been revised and new estimates assume 30 billion by 2020 [3] . Nevertheless, the number of devices will be massive and the demands on the infrastructure accordingly high.
At first glance, a wired solution might seem attractive, but would come with serious drawbacks. Low flexibility and high cost for cabling will lead to low acceptance of wired systems in future scenarios. On the other hand, wireless communication convinces in exactly these areas. Flexibility, no cables and easy expansion lead to the great desire for wireless connection in the Internet of Things.
This variant has one major disadvantage though, namely the energy supply. Precisely, such a system implies that there is no cable available to connect the device to a power supply. In order to provide the energy for operation two possible solutions exist: 1) Battery: Each device has a battery on board which ensures the power supply. 2) Batteryless (passive): The devices generate their own power through energy harvesting.
The latter variant is preferable both from an ecological and economic point of view. For this reason, passive wireless networks (PWN) are the ideal answer to the changed requirements within the Internet of Things. A promising technique to implement a PWN is Ultra High Frequency Radio Frequency Identification (UHF RFID). In recent years, this field of research has developed rapidly and now offers passive nodes with new functionalities such as sensors [4] , [5] and actuators [6] . With ranges of around 10 meters passive UHF RFID meets all requirements to be a key technology and is therefore particularly interesting for IoT. Another challenge within the wireless IoT scenario is the shortage in the available radio spectrum. A large number of participants share a very limited frequency band. In order to avoid interference among devices and still ensure a simultaneous communication between several participants, spectral efficiency is inevitable.
The spectral efficiency of a signal depends on the in-band and out-of-band radiation. A rectangular pulse, which is a widespread shape in digital communication, leads to high side lobes in the frequency response and thus a large part of the transmitted power is out-of-band. Therefore, a rectangular shape is not desirable in terms of spectral efficiency. On the other hand, a signal with good spectral properties focuses the transmitted power within the transmission bandwidth. One way to increase spectral efficiency is pulse shaping. As the name suggests, this technique modifies the shape of the pulse to suppress out-of-band radiation and lower the power transmitted in the adjacent band [7] .
Pulse shaping is already widespread in active radio systems to optimize the spectral efficiency [8] , [9] . Although this technology already exists, it has not yet found its way into backscatter communication -such as UHF RFID. The reason is that with active radio systems the power supply is not a limiting factor and thus the hardware can be more complex. Therefore, filters can optimize the pulse shape as desired. In contrast, backscatter radios -like a passive UHF RFID transponder -only have simple circuitries. The analog front-end usually consists of few electronic components. For this reason, common concepts cannot be adopted without further ado.
In [10] and [11] an approach has been shown to take over pulse shaping in backscatter radios. Simple components like a p-i-n diode and a field effect transistor (FET) were used to generate a continuous, spectral efficient pulse shape. However, the disadvantage of the concept is that it is not suitable for passive UHF RFID. The continuous pulse shape can be generated in the demo setup, but this cannot be transferred to an integrated circuit without massively reducing the range of the system and thus limiting the area of application. The reason is that for a (quasi-) continuous shape a tag with an microcontroller unit [12] or a high-resolution and highspeed digital-to-analog converter is required. In passive UHF RFID ∼40 µW are available for the entire tag at a distance of 10 m [6] . So both options would require too much energy to ensure the desired reading range and therefore limit the use-cases.
In [13] a concept of a backscatter modulator with pulse shaping was presented, which is designed for WLAN at 5.8 GHz. A pulse shaping filter is used to optimize the hard edges followed by a switched resistor and capacitor bank. The problem again is energy consumption. The backscatter modulator chip requires 1.61 mW of power, which is orders of magnitude above the available energy in passive UHF RFID.
Since passive UHF RFID is an ideal candidate for communication in the Internet of Things, and spectral efficiency plays an enormous role, investigations in this area are highly interesting. In this paper a concept is proposed, which enables pulse shaping for passive UHF RFID with special regard to integrated circuit (IC) design. Due to the fact that pulse shaping is already in use within active radios, there are various investigations on the efficiency of different shapes [14] . Rectangle, Sinc, Raised Cosine and Gauss are very often compared in literature. Therefore, the aim is to investigate how a form can actually be integrated on a passive UHF RFID tag and at the same time have only minimal effects on its range due to the additional power requirements. The idea is to convert the continuous pulse into a sufficiently discrete pulse. The discrete stages can then be generated by specific switching of backscatter transistors. In the following, the Gauss pulse is examined in more detail. However, the concept itself can be applied to different types of pulse shapes.
II. PULSE SHAPE A. CONTINUOUS PULSE
The shape of a typical rectangular pulse within UHF RFID is standardized in ''EPCglobal Gen2 V2'' [15] which determines timing, data rate and frequency. A typical data rate of 200 kbit/s leads to a pulse duration of t p = 5 µs. Therefore, this is the duration used in the following for the rectangular pulse:
It also determines the high time (power > 0.5) of the Gaussian shape: Figure 1 shows both signals in the time domain. One way to characterize the spectral efficiency of a signal is the power spectral density (PSD) which indicates the power of a signal in an infinitesimal frequency band related to the frequency. Figure 2 illustrates that with increasing distance to the carrier frequency, the PSD of the Gaussian shape initially drops strongly before the curve flattens out. This effect is less significant with the rectangular pulse.
In order to quantize the effect not only for a specific frequency but for each channel in the band, an additional parameter is required. The adjacent channel power ratio (ACPR) indicates the ratio between the power P adj in an adjacent channel and the power P main in the main channel (#1):
An ACPR of 0 dBc for an adjacent channel means that the same amount of energy is emitted in this channel as in reference channel 1. In contrast, an ACPR of −60 dBc means that 10 −6 times less is radiated in the adjacent channel. In our case the parameter shows, that the effects of the pulse shaping is especially significant with more distant channels (Fig. 3) . The ACPR difference in channel 2 is 3.8 dBc while in channel 4 it increases to 48.4 dBc. However, in all adjacent channels the Gaussian signal radiates less energy and is therefore the more efficient pulse shape.
B. DISCRETE PULSE
Continuous pulse forms cannot be realized in passive systems without influencing functionality like reading range. More steps lead to an approximation towards the continuous Gauss and less steps towards the rectangular pulse. In all adjacent channels, the Gaussian shapes radiate less energy than the rectangular. The effect is more pronounced with more distant channels.
For this reason, a compromise between spectral and energy efficiency must be reached. The solution is to convert the continuous pulse into a discrete pulse y * :
The trade-off between spectral and energy efficiency can be flexibly adjusted via the number of quantization steps and the corresponding step size ∆. A high number of steps leads to an approximation towards the continuous form and reaches it when ∆ → 0. In contrast, a Gaussian pulse with one step equals a rectangular pulse.
This fact can also be seen in the ACPR. Figure 3 shows the curves for multiple quantization steps in the range between 5 and 10.000. Already 50 steps influence the spectral efficiency significantly and lead to an ACPR of −30 dBc from channel 3 onward. Thus, 50 steps are set as desirable target values in the following. The corresponding signal in the time domain and the PSD plot are shown in Figure 1 and 2. The exact number can only be determined on the basis of measurements and the actual properties of the components used.
III. PROPOSED SYSTEM
UHF RFID is based on the so-called backscatter technique. Data is not actively sent back from the transponder to the reader. Instead, the reflection coefficient is systematically varied to switch between the two states matched and un-matched. When matched ( m ), the transponder does not reflect the incident wave and all energy is absorbed. In contrast, the electromagnetic wave of the reader is reflected in the un-matched state ( um ) and only little energy is absorbed. This principle allows the transponder to send back data to the reader.
However, more than two states are required to realize a quantized Gauss pulse. Therefore, a new transmission circuitry is required. The proposed concept is shown in Figure 4 . The TX part consists of a load impedance Z L which simulates the perfectly matched transponder. The depletion mode metal-oxide-semiconductor field-effect transistors (MOSFET) T BS is used to generate a targeted mismatch depending on the control voltage U C . In the extreme positions of T BS the transistor either connects through or blocks. The quantization steps and therefore the grade of reflection can be adjusted with U C .
To generate the control voltage a simple voltage divider is used. On the IC the resistors R 1 to R N will be serial and parallel connection of unit resistors to achieve the desired values as accurately as possible. The enhancement mode MOSFETs T C0 to T CN are used as switches to adjust U C to the desired value. The control signals C X are provided by the digital part of the transponder.
IV. MEASUREMENT SETUPS A. DEVICE UNDER TEST
The device under test (DUT) shown in Figure 5 is set up on a printed circuit board (PCB). As material a 'Panasonic R-1566 FR4 Laminate' [16] is utilized. The entire circuit is designed to be as small as possible in order to avoid undesired RF effects. The SMA connector serves as input for the 866 MHz continuous wave (CW) from the reader and simultaneously as output for the reflected wave. As backscatter FIGURE 5. Prototype of proposed concept build on a PCB. On the left side the virtual model and on the right side the hardware prototype. The pin P 1 serves as interface for the control voltage U C . The backscatter transistor T BS is connected to a SMA jack. The load impedance Z L = 50 . FIGURE 6. S 11 Parameter for 58 U C steps ranging from 0 V to U th plotted in a Smith chart. When U C = 0 V the DUT is matched (red mark) and no reflection occurs. At U C = U th the DUT is mismatched (green mark) and only little energy is absorbed.
transistor an 'NXP BF1107 n-channel single gate depletion type' [17] HF MOSFET is used. The control voltage U C is provided through pin P 1 .
B. FINAL PULSE SHAPE
After the DUT was manufactured and assembled, first characterization tests were performed. A connection to a 'R&S ZNB8' vector network analyzer (VNA) is established via the SMA port and 58 different control voltages U C were applied via pin P 1 . The S 11 parameter was measured over the entire UHF RFID frequency band from 865-868 MHz with the VNA. The results for 866 MHz is shown in the Smith chart in Figure 6 .
As required, the matched state ( m ) and the un-matched state ( um ) are as far apart as possible. With a control voltage of U c = 0 V, S 11 is in the center of the chart. Therefore no reflection takes place and all energy is absorbed. In contrast, at U c = U th , S 11 = 0.46 − i0.79 and causes a reflection and thus only a small part of the energy is absorbed (because of the passive operation mode of the tag, zero absorption is not wanted).
These results are used to determine the control voltages and the corresponding timings and thus to generate the Gaussian pulse. Of the 58 reflection points recorded, only 41 were required. The control voltage and the associated pulse over time are shown in Figure 7 .
C. SETUPS
For the measurement setups shown in Figure 8 the supply part from the concept was emulated by a 'Keysight 81150A pulse 50878 VOLUME 6, 2018 function arbitrary generator (PFAG)'. Therefore, the before calculated time course of U C for a rectangular pulse and for a 41 steps quantized Gaussian pulse was programmed on the PFAG and transmitted to P 1 of the DUT. The 866 MHz and 0.2 V pp CW signal -which under real conditions will be emitted by a reader and received by an antenna -is generated by a 'R&S SMU 200A vector signal generator (VSG)'.
In order to simultaneously supply the DUT and measure the reflexion, a coaxial circulator is connected between VSG and DUT. Two different measurements are performed:
• M1 -Time Domain: In this measurement setup, the third port of the circulator is connected to a 'LeCroy WaveSurfer 104MXs-B 1GHz Oscilloscope'. The Oscilloscope monitors the reflection in the time domain.
• M2 -Frequency Domain: For the frequency domain of the reflexion, the circulator is connected to a 'R&S 3.6 GHz FSU Spectrum Analyzer'. This allows statements to be made about the spectral efficiency.
V. RESULTS

A. TIME DOMAIN
With the setup M1, the reflection over time is examined more closely. The results are shown in Figure 7 . The reflected pulse is modulated on the 866 MHz carrier wave and the envelope perfectly matches the calculated reflection. This is based on the control voltage Uc, whereby measurement and calculation are also in good agreement. From the generated 200 mV pp CW signal in the unmatched state about 160 mV pp and in the matched state 16 mV pp are measured at the oscilloscope. The observation in the time domain ensures that the pulse generation works as expected. However, it does not directly allow any statements to be made about spectral efficiency. Therefore, the frequency domain is examined in more detail below.
B. FREQUENCY DOMAIN
For the analysis of the spectral efficiency the measurement setup M2 shown in Figure 8 is used. The spectrum analyzer records the one-sided spectrum around the carrier frequency and delivers the results in Figure 9 . The green and orange lines mark the calculated PSD for the rectangular and Gaussian pulse. The measured results are shown in blue and red.
The results of the rectangular pulse match perfectly with the simulation. Graphically, the curves are different, since a pulse sequence with 50 kHz was used for the measurement, while only one pulse was considered for the calculation. Thus, the calculated spectrum forms a kind of envelope of the measurement results. The situation is similar with the Gauss pulse. Since 50 steps were assumed for the simulation and only 41 were used for the actual realization, there is a certain deviation of the results. Nevertheless, it can be seen that less energy is emitted in the adjacent channels. The ACPR is plotted in Figure 10 to quantize this positive effect. Already in the directly adjacent channel an improvement of 7.5 dBc when using a Gaussian shape quantized with 41 steps can be seen. The effects are more pronounced with increasing distance. In the fourth channel there is an improvement of 32 dBc.
C. ESTIMATION OF ENERGY CONSUMPTION
As presented in the measurement setups, the supply part of Figure 8 was replaced by a PFAG. In chip integration, this would be implemented as shown in the form of a voltage divide. Since this part contributes significantly to the energy consumption of the entire pulse shaping circuit, it must also be taken into account in the estimation. Transistor switching currents and leakage currents can be neglected.
In general, a high resistance is to be preferred, since this would cause a lower current and thus less loss.
However, large resistors require a lot chip area. A certain compromise is therefore needed here. If a target value of 200 nA at 1 V V DD is assumed, this would lead to a total resistance of 50 M . On a 55 nm process of Globalfoundries a poly-resistor with this value would lead to an area requirement of 100 µm × 62 µm. Since the circuit consists not only of one single resistor but a voltage divider consisting of standard resistors connected to get certain values, the circuit is expected to require slightly more area.
This means that the total size is not larger than a single bond pad on the chip. With an energy consumption of 200 nW, the circuit is very well suited for use in passive UHF RFID transponder.
VI. CONCLUSION
This paper shows a way to use pulse shaping techniqueswhich are already used for active radios -in passive UHF RFID transponders without significant impact on its range. Common approaches are based on the realization of a continuous pulse which involves the use of extensive hardware and therefore increases power consumption drastically. The presented approach of a quantized pulse offers the possibility to make a compromise between spectral and energy efficiency by using only 200 nW. The required control voltage can be realized on the chip by a simple voltage divider. Even a few stages reduce the energy radiated in all adjacent bands significantly. The 41 steps quantized Gaussian pulse realized in this paper improves the ACPR compared to a rectangular pulse in the directly adjacent channel by 7.5 dBc and in channel 4 by 32 dBc.
Future work will deal with the use of multiple backscatter transistors. By using more than one transistor, it is possible to generate more stages and therefore to achieve a higher resolved pulse. Both series and parallel connections can be used. In the proposed concept (see Figure 4) , the transistor T BS is connected to the load impedance Z L in series. When T BS connects through, the antenna is matched to the transponder. When T BS blocks, the system is un-matched. The same can be performed by connecting a transistor parallel to the load impedance. This time the transponder is matched, when the transistor blocks and un-matched when it connects through.
Furthermore, the presented concept can be utilized to create a flexible digital adjustment of the reflection stages. This means the digital part of the transponder can switch between different numbers of stages depending on the energy available. If very little energy is provided, only one stage and thus a common rectangular shape comes to use. In case enough energy is available, the digital part can utilize the maximum number of stages (depending on the voltage divider) to generate a Gaussian pulse. In between the digital part can flexible adjust the numbers and therefore affect the energy consumption.
Since the concept presented can provide any type of pulse shape, it is intended to serve as a basis for further investigations in this field. Due to the many advantages of passive UHF RFID in combination with the presented pulse shaping technology, there are good chances it will prevail over active radios as a key technology in the Internet of Things.
